I. INTRODUCTION COMPARISON measurements of electrical quantities using different and independently developed calibration systems are highly relevant to the establishment and maintenance of the basic standards and associated measurement procedures at the national metrology laboratories. Such comparisons not only inspire confidence in the assignment of a value to a standard but through the investigation of residual discrepancies lead to overall improvement. Since the expenses for developing several calibration systems are prohibitive for any institution alone, international comparisons are regularly made between many metrology laboratories. These The configuration of the PTB equipment is shown in Fig.   1 . This system, which has been described elsewhere in detail [1] The systematic uncertainties can be classified for the system components as shown in Fig. 1 . The uncertainties consist of contributions due to the voltage and current transformers, the resistor used for current-to-voltage conversion, the ac-dc transfer, the scaling of the dc voltage by the divider and the potentiometer, and, finally, the voltage standard itself. Except for the ac-dc transfer, all uncertainties are due to the calibration of the individual Table I , properly weighted for the different electrical quantities. The difference between the equivalent dc quantities provided by the thermal and electrodynamic systems has been considered in the assignment of the value for the ac-dc transfer error. Since the two systems rely on different principles and have been developed independently, an error leading to a common offset is not very likely. The total systematic uncertainty has been derived from these components as the root of the sum of squares (rss).
B. At NBS
The NBS used the recently completed current comparator energy system to calibrate the PTB wattmeter. The basic principle of operation is a constant power-time interval method which has been completely described in an earlier paper [2] . Although the approach to the measurement is similar to the NRC method, this by no means detracts from the independence of the reported values. The systems were developed independently in the two laboratories, and the approaches for establishing the ac voltage and the phase relationship are essentially different techniques. In addition, tte currents are scaled to the working level by different methods. Therefore, it is highly unlikely that the sources of systematic error would be the same.
In the NBS method, the ac voltage and current are precisely maintained and measured in terms of the primary dc standards using conventional potentiometric techniques and an ac-dc transfer standard. A simplified circuit diagram of the system, connected for unity power factor operation, is shown in Fig. 2 along with the instrumentation used to establish the ac voltage. Fig. 3 [2] .
The values for the PTB instrument first measured at NBS in July 1976, differed from the PTB results by more than the combined uncertainties of both test systems. Although the difference was less than 100 ppm, it was significant and not to be tolerated. The situation created a measurement challenge that required both time and effort to resolve the discrepancy. In late August, the investigation disclosed that the power supply in the feedback circuit of the current comparator had become defective and was introducing an error signal which offset the ampere-turn balance. The results reported in Table II 
C. At NRC(EE)
The NRC(EE) calibration procedure employs a power bridge based on the current-comparator technique [3] . In this circuit, as shown in Fig. 4 , the in-phase or active power component of the wattmeter current is scaled by the current comparator against a reference current derived by applying the wattmeter voltage to a reference resistor R. Similarly, the quadrature or reactive power component of the wattmeter current is scaled against the current from a reference capacitor C. The current comparator is maintained in ampere-turn balance by feedback to the current source. The balance equation of the bridge is VI = I (NR V2/R + jNc V2wOC).
The power reference is the power dissipated in the resistor V2/R. Thus both the voltage V and resistance R must be related to the dc standards. The ac voltage V is compared to a dc reference of the same nominal value using an ac-dc, rms voltage comparator (4) . The resistor R was selected for its low, ac-dc transfer-error characteristic.
The most serious source of uncertainty in the NRC(EE) measurements arose in the establishment ofthe dc reference. Proper equipment such as a volt box and standard cell were not locally available at the time of the measurements. Instead, a scaling technique using a multirange differential voltmeter was employed, for which the overall uncertainty is estimated at 19 ppm. Inclusion of the wattmeter dc calibration feature in this process, however, reduces the uncertainty to 14 ppm. The ac-dc transfer at the bridge voltage level contributes a further 5 ppm to the voltage uncertainty. The uncertainties in the current-comparator ratio and the resistor are each estimated to be of the order of 5 ppm. The resulting uncertainty in power at unity power factor thus becomes y'(2 x 14)2 + (2 x 5)2 + (5)2 + (5)2 = 30 ppm. At 0.5 power factor, the uncertainty ofthe capacitor dissipation factor, estimated at 5 ppm, increases this to about 31 ppm. IV. MEASUREMENT RESULTS During the calibrations ofthe PTB wattmeter, its readings and those of the standard system were recorded over a period of several days. The average errors of the instrument as well as 3r limits of the random uncertainty were calculated from these data. The results obtained by the three laboratories are given in Table II along with the total uncertainties. The listed quantities are defined as follows.
Errors:
where Pw is the active power indicated by the wattmeter, PA is the active power applied to the wattmeter, and S is the apparent power.
Random Uncertainty Limit (3cr):
3 X (i _ S-)2 n(n -1) where n is the number of measurements, xi is the ith measurement, and x is the average of n measurements.
Total Uncertainty: Systematic uncertainty plus random uncertainty limit.
A graphical illustration of the results presented in Table II is shown in Fig. 5 . The calibrations PTB(IB)1 are those made by PTB at the beginning of the comparison and PTB(IB)2 at the end. In deriving the averages quoted, each of the PTB calibrations is given half weight. It is apparent from the two PlTB values that the wattmeter calibration was relatively unaffected by either the transport conditions experienced between laboratories or the time period of 4 months taken to accomplish the intercomparison.
Comparisons of the voltage and current measuring functions of the wattmeter were also made. The errors given in Table III are in parts per million, being positive if the meter indication is larger than the actual quantity.
In assessing the results, the following factors should be taken into account.
1) The errors in power measurement are referred to apparent power. This is more favorable by a factor of two at the half-power factors than if they had been referred to the active power or output.
2) In the NRC(EE) measurements, the base voltage was the 7-V dc used to calibrate the PTB wattmeter. This voltage was not referred back to the Canadian National Standard.
At unity power factor, the NBS calibration agrees with the average of the two PTB(IB) calibrations while NRC(EE) deviates by 12 ppm. Also at PTB(IB) the voltage-current product obtained from the calibration of the wattmeter 
V. CONCLUSION
The results of an international comparison of ac, sinusoidal power measurements at 120 V, 5 A, 60 Hz, and unity and 0.5 power factors (lead and lag) have been presented. The methods used by each of the three participants have been described, and an estimate of the uncertainties in each has been given.
There are several outstanding factors in this comparison test; however, the most important is that it is the first international comparison of an extremely accurate acpower measurement. The close agreement achieved by the three independent laboratories using their standard test methods has taken away uncertainties that existed in the error estimations. It 
